The mitochondrial 12S ribosomal RNA (rRNA) gene was sequenced from 16 individuals representing 10 species of the genus Geomys. DNA sequences of Cratogeomys castanops, Thomomys bottae, T. umbrinus, Dipodomys phillipsii, and Pedetes capensis were included as outgroup taxa. Levels of 12S rRNA sequence divergence (average 3.5%, range 0.6-7.5%) suggested low levels of genetic differentiation within Geomys, with the transition: transversion ratio lower than that observed in other mammalian groups. Relative rate tests did not detect significant levels of rate heterogeneity between Geomys and outgroup taxa; however, certain ingroup taxa did show significant levels of rate heterogeneity when compared with other ingroup members. Phylogenies consistently supported previously identified relationships among taxa of Geomys.
Although many species of pocket gophers of the genus Geomys have been described on the basis of morphological variation, most phylogenetic studies have used either chromosomal or molecular markers to diagnose relationships among species. As a result of those phylogenetic studies, several hypotheses have been proposed. First, G. pinetis, the only species found east of the Mississippi River, is considered to be at the base of the radiation of Geomys based on chromosomal and molecular data (Davis 1986; Qumsiyeh et al. 1988) . Second, some molecular evidence (Davis 1986) suggests that G. personatus may be paraphyletic with respect to G. tropicalis, the only species with a totally biarmed karyotype (Qumsiyeh et al. 1988; Bickham 1994, 1995) . Third, studies of hybrid zones between chromosomally distinct forms in western Texas and eastern New * Correspondent: izrdb@ttacs.ttu.edu Mexico support recognition of G. knoxjonesi as a distinct species (Baker et al. 1989; Bradley et al. 1991) . Fourth, molecular and chromosomal studies support recognition of new species including G. texensis (Block and Zimmerman 1991) , G. attwateri (Tucker and Schmidly 1981) , and G. lutescens (Sudman et al. 1987 ) and the subspecies G. texensis bakeri (Smolen et al. 1993 ). Although those studies provided considerable insight into the basic taxonomy of Geomys, phylogenetic relationships among most species are still poorly understood.
Nucleotide sequences from mitochondrial genes have proven useful in numerous phylogenetics studies of rodents (Allard and Honeycutt 1992; DeWalt et al. 1993; Nedbal et al. 1994 Nedbal et al. , 1996 . In particular, the mitochondrial cytochrome b gene has been used successfully to examine relationships among species of geomyid rodents in the genera Orthogeomys, Cratogeomys, and Pappogeomys (DeWalt et al. 1993) . Based on that gene, geomyoid rodents appear to evolve at a faster rate than other rodent lineages (DeWalt et al. 1993; Honeycutt et al. 1995) . However, within the superfamily Geomyoidea, little rate heterogeneity is evident, suggesting clock-like behavior and a potential means of dating time since divergence among lineages of pocket gophers (Honeycutt et al. 1995) . Another mitochondrial gene, 12S rRNA, has been used successfully in studies of intrafamilial relationships within the African mole-rat family Bathyergidae (Allard and Honeycutt 1992) and superfamilial relationships among several groups of rodents (Nedbal et al. 1994 (Nedbal et al. , 1996 . That gene also has potential to date divergence events among rodent lineages (Nedbal et al. 1994 (Nedbal et al. , 1996 .
Our study presents nucleotide sequences from the mitochondrial 12S rRNA gene of species in Geomys and related genera of geomyoid rodents. These data are used to derive a molecular phylogeny for the major species within Geomys to address hypotheses related to taxonomy and phylogeny of the genus, test for molecular rate heterogeneity of the 12S rRNA gene and compare rate estimates with those obtained for cytochrome b, and evaluate estimates of divergence time from the fossil record in light of estimates from calibrated molecular rates.
MATERIALS AND METHODS
Samples.-Nucleotide sequence variation (865 bp) from the mitochondrial 12S ribosomal RNA (rRNA) gene was examined from 16 individuals representing 10 species of Geomys (G. arenarius, G. attwateri, G. breviceps, G. bursarius, G. knoxjonesi, G. lutescens, G. personatus, G. pinetis, G. texensis, and G. tropicalis) . Multiple subspecies were examined for G. personatus (G. p. megapotamus, G. p. personatus, and G. p. streckeri), G. texensis (G. t. bakeri, G. t. llanensis, and G. t. texensis), G. bursarius (G. b. major and G. b. majusculus), and G. lutescens (G. l. halli and G. l. lutescens) . Additionally, nucleotide sequences were generated for Dipodomys phillipsii, Thomomys bottae, T. umbrinus, and Cratogeomys castanops. The sequence of Pedetes capensis was obtained from GenBank. Those sequences were used to determine the appropriate out-group for Geomys. Specimens were either collected from natural populations of localities known to be representative of each taxon or borrowed from collaborative institutions (Appendix I).
Nucleotide sequencing.-Mitochondrial DNA (mtDNA) was extracted from liver tissue and amplified using the polymerase chain reaction (PCR-Saiki et al. 1988) . PCR was performed using the following parameters: 95ЊC denaturation (1 min), 50ЊC annealing (1 min), and 72ЊC extension (1.25 min). PCR products were ligated and cloned using Bluescript plasmids (Stratagene, La Jolla, California) modified with a T nucleotide overhang. DNA sequences were obtained using the dideoxy-chain-termination method (Sanger et al. 1977 ) with external primers located in tRNAs adjacent to the 12S rRNA gene (Nedbal et al. 1996) , plus 5 internal primers. Multiple clones were sequenced for all individuals, but clonal differences never involved Ͼ1 nucleotide and were resolved by examining additional sequences. Sequences were aligned by visual inspection and the MacVector 4.17 program (Kaufman et al. 1995) and were evaluated in light of secondary structure (Dixon and Hillis 1993; Springer and Douzery 1996) .
Phylogenetic analysis.-A relative rate test (Tajima 1993 ) assessed rate heterogeneity of the 12S rRNA gene within members of Geomys using C. castanops, T. bottae, T. umbrinus, and D. phillipsii as outgroup taxa. Tests were performed using the 1D method of Tajima (1993) with sequential Bonferroni corrections for multiple tests (Mindell and Honeycutt 1990) .
Phylogenetic relationships were examined with maximum parsimony, neighbor-joining, and maximum-likelihood methods using PAUP (Swofford 1999) . Variable nucleotide positions were treated as unordered discrete characters with 5 possible states (A, C, G, T, or gap). Separate analyses were performed in which gaps were treated as missing rather than new states. Equal character weighting was employed because most taxa revealed no evidence of saturation and overall levels of divergence within the genus were low. In an initial analysis, P. capensis was used as the outgroup taxon to examine relationships within Geomyoidae; subsequent analyses utilized Cratogeomys as the out-FIG. 1.-Consensus tree obtained from the 4 most parsimonious trees generated in the maximum parsimony analysis using the branch-andbound search option of PAUP, with Pedetes as the outgroup. This tree consisted of 424 steps (consistency index ϭ 0.592, homoplasy index ϭ 0.612, retention index ϭ 0.408). Bootstrap values are above branches, and Bremer support indices are below branches. group taxon. All maximum parsimony analyses were performed using the branch-and-bound option in PAUP. Support for individual nodes was assessed using bootstrap resampling based on 1,000 replicates (Felsenstein 1985) and Bremer support indices (Bremer 1994 ) that estimate number of steps required to dissolve a particular node.
Genetic distances based on the Kimura 2-parameter method (Kimura 1980) were analyzed using the neighbor-joining algorithm (Saitou and Nei 1987) . Bootstrap analyses, consisting of 1,000 replications, assessed support for individual nodes.
Maximum-likelihood analyses included the estimation of parameters (transition : transversion ratios and gamma-shape parameters) for the HKY85-⌫ model of evolution (Hasegawa et al. 1985) . Model parameters estimated for the most parsimonious tree(s) were fixed for subsequent maximum-likelihood searches following Sullivan et al. (1997) . Analyses employed empirical base compositional biases, 10 random input orders, and tree-bisection-reconnection branch swapping. The Kishino-Hasegawa (1989) test was used to compare optimality scores for tree length and likelihood scores generated for different tree topologies.
RESULTS
DNA sequences were obtained from 21 taxa (16 Geomys and 5 out-group taxa) for the 12S rRNA gene. This region encompassed 865 nucleotide positions, including insertions and deletions. Nucleotide composition included higher proportions of A and T than C and G: A, mean ϭ 36.6% (range among taxa 35.6-37.7%); T, mean ϭ 24.1% (23.3-26.6%); C, mean ϭ 20.2% (18.7-21.2%); G, mean ϭ 18.9% (17.4-19.5%). Pairwise comparisons of nucleotide composition among taxa within Geomys showed an average transition:transversion ratio of 3.63.
Few examples of rate heterogeneity in the 12S rRNA gene were observed either within Geomys or between Geomys and other geomyoid genera (Cratogeomys, Thomomys, and Dipodomys). The only exceptions were G. p. personatus and G. p. megapotamus, which exhibited significant rate heterogeneity when compared with other taxa of Geomys.
In the maximum parsimony analyses with Pedetes as the outgroup taxon, a single topology was obtained (Fig. 1 ) regardless of whether gaps were treated as either missing or new state characters. Four most parsimonious trees were obtained (length ϭ 424 steps, consistency index ϭ 0.592, homoplasy index ϭ 0.408, retention index ϭ 0.612). The topology of the strict consensus tree of those 4 trees ( Fig. 1) placed Cratogeomys as the sister taxon to a monophyletic clade containing all species of Geomys. The Geomys-Cratogeomys clade then formed a sister clade with a clade containing T. bottae and T. umbrinus. The representative of the Heteromyidae (D. phillipsii) was the sister taxon to Geomyidae.
Based on that analysis, Cratogeomys was designated as the outgroup for analyses of relationships within Geomys. Four most parsimonious trees were obtained (61 informative characters, length ϭ 149 steps, consistency index ϭ 0.497, homoplasy index ϭ 0.503, retention index ϭ 0.590), and a strict consensus tree was generated (Fig. 2) . G. pinetis represented the most divergent taxon, with the remaining taxa forming an unresolved polytomy containing 2 clades and 3 unresolved taxa. The 1st clade depicted a sister-group relationship between subspecies of G. texensis (G. t. bakeri, G. The neighbor-joining analyses using the Kimura 2-parameter (Kimura 1980 ) genetic distance, with Cratogeomys as the outgroup, produced essentially the same topology and bootstrap values (Fig. 3) as the parsimony analysis (Fig. 2) . Genetic distances were 0.6% to 7.5% (average 3.5%) with G. l. halli-G. l. lutescens and G. p. personatus-G. pinetis possessing low and high values in all pairwise comparisons of taxa of Geomys.
The 4 most parsimonious trees obtained under the maximum parsimony analysis were examined using maximum-likelihood methods. Maximum-likelihood scores (Ϫln L) for those trees ranged from 2,421.70 to 2,422.73 under the HKY85-⌫ model of evolution, transition : transversion estimates were 3.83, and the gamma value ranged from 0.001 to 0.011. A maximum-likelihood search was performed using the HKY85 model of evolution assuming a gamma distribution of 0.001 and a transition:transversion rate of 3.83. Those values were selected from the tree with the best likelihood score (2,421.70). That analysis depicted a tree topology similar to the 4 trees produced in the equally weighted maximum parsimony analysis with 1 exception. The likelihood tree depicted a sister relationship between the G. breviceps and G. arenarius, whereas in maximum parsimony analyses, G. breviceps always formed a sister-taxon relationship to the G. attwateri-G. personatus-G. tropicalis clade and G. arenarius generally was placed near the base of the Geomys clade. Additionally, topologies of each of the 4 most parsimonious trees were constrained and evaluated under maximum-likelihood parameters described previously. Likelihood scores of those 4 topologies did not differ (P Ͼ 0.05) when evaluated using the Kishino-Hasegawa (1989) test.
DISCUSSION
Comparison of base composition within the 12S rRNA gene did not reveal any statistically differences ( 2 ϭ 3.42, P ϭ 1.00) in nucleotide composition among taxa. Although the transition : transversion ratio for mammalian mtDNA is generally high between closely related taxa (Aquadro et al. 1984; Brown et al. 1979) , the ratio for pocket gopher 12S rRNA genes averaged 3.5%, a value far lower than observed for the cytochrome b gene of Cratogeomys (DeWalt et al. 1993) . Similarly, Allard and Honeycutt (1992) demonstrated that the transition : transversion ratio for 12S rRNA of the African mole rat was lower than that for species from other mammalian orders. Nedbal et al. (1996) showed similar results for rodent 12S rRNA genes, indicating that rodents may possess a slower rate of evolution in 12S rRNA than other mammalian orders.
Significant rate heterogeneity may influence phylogenetic results (Honeycutt et al. 1995 Phylogenetic interpretations.-The maximum parsimony tree obtained using Pedetes as the outgroup taxon consistently placed Cratogeomys as the sister group to the Geomys clade followed by Thomomys and then Dipodomys, a representative of the geomyoid family Heteromyidae (Fig. 1) . These results are concordant with earlier studies (DeWalt et al. 1993; Honeycutt and Williams 1982; Russell 1968) . Traditionally, within the family Geomyidae, the subfamily Geomyinae has been divided into 2 tribes (Russell 1968) : Thomomyini (Thomomys) and Geomyini (Geomys, Cratogeomys, Pappogeomys, and Orthogeomys) . That dichotomy was confirmed by allozyme, immunological, DNA results (DeWalt et al. 1993; Honeycutt and Williams 1982) and our 12S rRNA results.
Within the Geomys clade (Fig. 2) , G. pinetis consistently was observed to be the most divergent taxon, as suggested by karyotypic evidence (Qumsiyeh et al. 1988) . In all analyses, the monophyly of a clade containing G. b. major, G. b. majusculus, G. l. halli, G. l. lutescens, G. t. bakeri, G. t. llanensis, and G. t . texensis was weakly supported. The observed sister-group relationship between G. bursarius and G. lutescens was first proposed by Russell (1968) , who suggested, on the basis of paleontological evidence, that G. lutescens arose from G. bursarius stock. Although there has been debate concerning the status of G. bursarius and G. lutescens (Burns et al. 1985; Hart 1978; Heaney and Timm 1983; Sudman et al. 1987; Timm et al. 1982) , these 2 taxa clearly are distinguishable using 12S rRNA gene sequences. Therefore, they may be valid species according to the phylogenetic species concept (Cracraft 1983) . The relationship of G. texensis with G. bursarius also was anticipated, as G. texensis originally had been recognized as a subspecies of G. bursarius and only recently has been recognized as a distinct species (Block and Zimmerman 1991) .
The monophyly of G. attwateri, G. personatus, and G. tropicalis was supported by all analyses, with G. attwateri found to be the most divergent taxon. Although G. tropicalis is karyotypically distinct with a low diploid number and all biarmed chromosomes (Baker and Williams 1974; Qumsiyeh et al. 1988; Smolen and Bickham 1995) , its placement renders the species G. personatus paraphyletic as suggested by Davis (1986) . Therefore, the highly derived karyotype of G. tropicalis presumably arose via centric fusion events from the higher diploid number characteristic of the G. personatus lineage. G. p. streckeri represents another problem taxon because it occupies the most basal position of the G. personatus group in all phylogenetic analyses. Genetic distances of G. p. streckeri were closer to G. attwateri than to the remainder of the G. personatus taxa. It appears, based on this and other studies (Davis 1986) , that G. p. streckeri should be recognized as a distinct species (G. streckeri) and should occupy the distribution outlined by Hall (1981) for G. p. streckeri. The rationale for recognizing G. streckeri is consistent with results of other systematic studies of Geomys involving molecular data (Baker et al. 1989; Block and Zimmerman 1991) that have led to the elevation of subspecies to species status. Alternatively, retaining G. streckeri as a subspecies would require relegation of G. tropicalis to subspecific status within G. personatus to resolve the paraphyletic condition of G. personatus.
Although G. streckeri and G. tropicalis are distinct species based on parsimony analyses, genetic distance analyses, and levels of sequence divergence, the phylogenetic relationships of G. knoxjonesi and G. arenarius to the other taxa remain uncertain. In several analyses (maximum parsimony, maximum-likelihood, and genetic distance), G. knoxjonesi and G. arenarius appear as divergent lineages within Geomys, yet bootstrap support for their placement is low. G. knoxjonesi hybridizes with G. b. major (Baker et al. 1989; Bradley et al. 1991; Jones et al. 1995) , and on this basis, one might presume a sister-group relationship. Further investigation of G. knoxjonesi and G. b. major are warranted. None of the phylogenies generated in this study suggests a close affiliation between G. knoxjonesi and G. arenarius, yet sequence divergence between those 2 taxa was relatively small (1.9%). These levels of genetic divergence are comparable to those between subspecies of other species of Geomys. Hafner and Geluso (1983) questioned the distinctness of G. arenarius from G. knoxjonesi and regarded the 2 as conspecifics.
The major discordance in phylogenies obtained from parsimony, likelihood, and distance analyses involved placement of G. breviceps. The distance tree (Fig. 3) placed G. breviceps at the base of the western Geomys radiation, while likelihood analyses placed G. breviceps as sister to the G. personatus-G. tropicalis-G. attwateri clade. Placement of G. breviceps in parsimony analyses was similar to that obtained in likelihood analyses, although support was low and collapsed in bootstrap analysis. The latter arrangement differs from proposed relationships based on morphological (Mauk et al. 1999 ) and chromosomal studies (Smolen and Bickham 1995) but agrees with allozymic data (Block and Zimmerman 1991) .
Divergence estimates. -Russell (1968) estimated that the cladogenic event separating Geomys from Cratogeomys occurred roughly 5 to 7 ϫ 10 6 years ago in the Hemphillian age. Sequence divergences calculated herein indicate that the 12S rRNA gene is evolving at a rate of 1.2% to 2.1% per million years in Geomys. Using that estimate, G. pinetis diverged about 3.2 to 5.7 ϫ 10 6 years ago, G. breviceps diverged about 2.2 to 3.8 ϫ 10 6 years ago, and the remaining species of Geomys diverged within the past 2.5 million years (Table 1) . Using a similar calibration, divergence time for tribes Thomomyini (represented by Thomomys) and Geomyini (represented by Cratogeomys) occurred between 6.6 and 11.5 ϫ 10 6 years ago. Divergence time between Geomyidae (represented by Thomomys) and Heteromyidae (represented by Dipodomys) is estimated at 10.7 to 18.8 ϫ 10 6 years ago.
Alternatively, based on morphology and the fossil record (Table 1) , Russell (1968) suggested that G. pinetis separated from the ancestral stock of Geomys during the midIllinoian glacial period (about 290,000 years ago) and certainly by Sangamon time. Russell (1968) proposed that the remaining extant species within the genus subsequently diverged from populations of these 2 stocks during the late Quaternary (within the past 50,000 years). Using the G. pinetis divergence date, the 12S rRNA gene is evolving at an extremely high rate (19.7-25.9% per million years). If this estimate is correct, then the common ancestor to Geomys and Cratogeomys should have occurred 379,000 to 498,000 years ago, and the remaining species of Geomys diverged within the past 340,000 years, some as recent as 20,000 to 30,000 years ago. The common ancestor to heteromyids and geomyids can be estimated at about 1 ϫ 10 6 years ago (0.868-1.14 ϫ 10 6 years ago), whereas the fossil record (Russell 1968 ) of geomyids dates back to the early Pliocene, arguably the Miocene, and heteromyids well into the Oligocene. Obviously, the 2 fossil dates proposed by Russell (1968-CratogeomysGeomys split and G. pinetis divergence) reveal contrasting divergence times for members of this genus. However, Wilkens (1984) reported that ancestors of G. pinetis were present in Georgia and Florida during the Irvingtonian age (about 2 ϫ 10 6 years ago). This fossil date (Wilkens 1984 ) is more in line with the estimated divergence time for G. bursarius and G. pinetis.
Based on Russell's (1968) divergence date for Cratogeomys-Geomys, rate estimates (1.2-2.1% per million years) calculated for the 12S rRNA are one-half the rate obtained for the mitochondrial cytochrome b gene (4.0% per million years) by DeWalt et al. (1993) . Values proposed by DeWalt et al. (1993) are double the average rate of evolution (2% per million years) calculated for the entire mitochondrial genome for primates (Brown et al. 1979 ) and may reflect rate heterogeneity in cytochrome b in pocket gophers (DeWalt et al. 1993) . These values also are higher than the estimated rate of evolution for the cytochrome b gene (0.5% per million years) in ungulates (Irwin et al. 1991) . Allard and Honeycutt (1992) reported that the 12S rRNA gene was not evolving at a higher rate (0.67-0.83% per million years) within rodents (Bathyeridae) compared with artiodactyls (0.58-0.83%) and primates (0.67-0.80%). Morales and Bickham (1995) estimated that the mtDNA ribosomal genes in the bat genus Lasiurus evolved at a rate of 0.87% per million years. Although there are several inherent problems with the application of a molecular clock (Hillis et al. 1996) , those studies produced divergence rates similar to the 1.2% to 2.1% based on Russell's (1968) date for the Cratogeomys-Geomys split.
Conversely, if one uses the G. pinetis divergence date proposed by Russell (1968) , the calculated rate for the evolution of the 12S rRNA gene (19.7-25.9%) for Geomys is about 6 times greater than the evolution of the cytochrome b gene (4%) in other pocket gopher taxa and is Ն20 times greater than evolution of the 12S rRNA gene in different mammalian groups (Allard and Honeycutt 1992; Brown et al. 1979; Irwin et al. 1991; Morales and Bickham 1995) . Obviously, this rate is improbable, and the most likely scenario is that Russell's (1968) date for the divergence of G. pinetis is greatly underestimated.
Nucleotide sequences from the 12S rRNA support many proposed phylogenetic relationships within Geomys. Specifically, G. pinetis was placed basal to remaining members of the genus, and support was indicated for a clade containing G. bursarius, G. lutescens, and G. texensis and a clade containing G. attwateri, G. personatus, and G. tropicalis. G. arenarius, G. knoxjonesi, and G. breviceps were either unresolved or placed in a stepwise manner at the base of the clade. Additionally, this study supports the recognition of G. streckeri as a distinct species and its removal from the G. personatus clade. Time-since-divergence estimates were most comparable with those of Russell (1968) , based on the split between Cratogeomys-Geomys, and indicated a slow rate of evolution for the 12S rRNA gene.
